Introduction
Low back pain is a common clinical problem, in many cases related to the degeneration of the intervertebral disc (IVD) (Battié et al. 2007 ). The disc is a cartilaginous structure composed by four distinct regions. The outer ring is the annulus fibrosus (AF), a fibrous cartilage that surrounds a gelatinous core called the nucleus pulposus (NP). A transition zone (TZ) bridges these two regions, and a thin layer of hyaline cartilage, i.e. the cartilage endplates (CEP), separates the NP and TZ from the bone (Guilak et al. 1999; Roberts and Urban 2011) . All sub-tissues are structurally and mechanically different but also highly bounded to each other, contributing to the functional mechanics of the IVD.
The mechanical and biophysical functionalities of the disc are determined by both the biochemistry and the ultrastructure of the extracellular matrix (ECM) (Setton and Chen 2004) . The NP has a high concentration of negatively charged proteoglycans.
On one hand, these proteoglycans lead to tissue swelling, which stretches the fibres of the surrounding AF. Both the mechanical resistance of the latter and the pressurization of the interstitial fluid of the NP provide the IVD with a unique balance of flexibility and mechanical strength (Setton and Chen 2004) . On the other hand, the concentration of proteoglycans in the NP affects the rate at which molecules can diffuse through the tissue (Urban et al. 2004) , while it also depends on disc deformations. More generally, the disc ECM, i.e. a collagen network embedded in a dense proteoglycan gel, acts as a selective physical barrier to the diffusion of molecules into the disc and controls the diffusive exchange of molecules with the surrounding tissues.
The IVD has a very low density of cells in comparison to other tissues; only 1% of the disc volume is occupied by cells (Roberts and Urban 2011) . Nevertheless the continuing activity of cells largely controls the fate of the disc. On one hand, cells produce the macromolecules that keep the disc tissues functional with the passage of time (Roberts and Urban 2011) . On the other hand, they are able to trigger catabolic processes that may accelerate the depletion of ECM components. The ECM balance that results from these processes affects directly the biomechanical function of the intervertebral disc as well as numerous biochemical processes.
In particular, essential solutes such as oxygen and glucose are supplied to the IVD from the blood vessels located at the margins of the organ (Urban et al. 2004 ). The further transport of these solutes to the cells relies mainly on diffusion within the fluid phase that saturates the disc ECM (Urban et al. 2004 ). Disc cells consume oxygen and glucose and produce lactic acid (glycolysis). While the lack of glucose can be a strong trigger of catabolic cell responses (Neidlinger-Wilke et al. 2012) , the lack of oxygen was reported to alter the proteoglycan production (Horner and Urban 2001) . At the same time, acid lactic needs to be removed in order to avoid any drop of pH in the extracellular medium. The local balance of these important chemical entities is governed by the properties of both the ECM and the solutes (Urban et al. 2004 ).
In the mechanically loaded IVD, it is intuitive to anticipate that tissue compaction, i.e. consolidation, and the resulting changes in both diffusion distances and fluid fractions affect solute diffusion. With disc degeneration, proteoglycan depletion is the most important biochemical change, and because of the consequent a fall in the osmotic pressure, the disc becomes less able to maintain hydration when loaded mechanically (Urban and Roberts 2003) . Tissue fibrosis might happen concurrently, contributing to increase the relative amount of solid phase at the detriment of the fluid phase. Addressing the difficulty to explore experimentally the effect of these alterations on disc cell nutrition at the organ level, different finite element (FE) studies have been proposed. Malandrino et al. (2011) studied the coupling between disc poromechanics and metabolic transport. They found that mechanical loads and tissue properties might affect significantly the distribution of oxygen and lactate when large and prolonged volume changes are involved. Also, the simulation results obtained by Galbusera et al. (2011) suggest that water loss inside the disc can induce cell death because of a reduced diffusion of nutrient and waste products. For a given disc geometry, a predominant impact of tissue consolidation on nutrition-related cell death was further reported based on the calculations results obtained by Malandrino et al. (2014a) . Interestingly, Zhu et al. (2012) found that dynamic compression might limit nutrition-related cell death when degenerated disc properties were simulated, whilst earlier reported simulations suggested that dynamic loads limit the mechanically-induced water loss from the disc (Ruiz et al. 2013) . However, none of the reported mechano-transport models incorporated explicit information about ECM composition, e.g. proteoglycan, collagen and water content, and the precise influence of ECM composition changes on IVD cell viability remains unaddressed.
In order to clarify the relationships between ECM composition, disc degeneration, nutrition, and cell viability, a comprehensive analysis is needed with explicit consideration of degeneration-dependent changes in proteoglycan, collagen and water. Schroeder et al. (2007) have reported an osmoporoviscoelastic constitutive model for the AF and NP disc tissues, the parameters of which depended on the biochemical composition and organization of these tissues. For the first time, such a model allowed describing the internal mechanical conditions of the disc as a function of assessable ECM characteristics, through the FE method.
Accordingly, the present study aimed to combine the respective assets of mechano-transport simulations and composition-based tissue modelling in the IVD, in order to study how degenerative changes in disc composition may affect cell nutrition under mechanical loads. The biochemical changes explored were based on previous measurements of collagen, proteoglycan and water contents in healthy and mildlymoderately (Pfirrmann grade 3) degenerated discs. Numerical explorations were based on a systematic parametric analysis of the variation of these composition parameters, and metabolic transport results were extrapolated to the possible occurrence of nutrition-induced cell death.
Materials and methods

Disc model
A L4-L5 IVD model including the NP, the AF, the TZ and the CEP was used ( Fig. 1) (Ruiz et al. 2013) . For the NP, the TZ, and the AF, tissue constitutive models described the poromechanical interactions between: a hyperelastic porous matrix, saturated by intra and extra-fibrillar fluid, a swelling pressure stress simulated the Donnan osmotic effects, and viscoelastic collagen fibres (AF only) (Roberts and Urban 2011; Schroeder et al. 2007 ). The total stress tensor, , was given by the sum of a pore pressure component p and the effective stress of the porous solid skeleton, :
where I is the identity tensor and where the pore pressure, p, is the sum of the water chemical potential, , and a swelling pressure term (Schroeder et al. 2007 ):
(2)
The macroscopic stress-strain response of the solid matrix was controlled by an initial shear modulus ( ), an initial solid fraction ( ) and by the current deformation of the homogenised poroeleastic continuum. A modified neo-Hookean model was used to describe the finite strain behaviour of the material (Schroeder et al. 2007 ):
where J is the determinant of the deformation gradient tensor F, I is the first invariant the left Cauchy-Green strain tensor B.
In (2), was related to the velocity of the interstitial fluid through the permeability, by applying Darcy's law. As for the osmotic pressure gradient , it was given by the expression (Schroeder et al. 2007 ):
where and are the internal and external osmotic coefficients respectively, and are the internal and external activity coefficients, is the external concentration of salt and is the proteoglycan fixed charge density that depends on both the extra-fibrillar water ( ) and the normal fixed charge density in mEq per millilitre of the total fluid ( ), according to the expression:
with,
where is the total fraction of water, is a parameter that defines the intrafibrillar water per collagen mass, and is the collagen content respect to the total wet weight. The hydraulic permeability of the tissue ( ) was expressed as (Schroeder et al. 2007 ):
where stands for an initial permeability at zero strain, and M is a positive constant.
The collagen fibres in the AF were considered to have a unidirectional viscoelastic mechanical response, simulated by a Zener rheological model that was modified to account for finite strains through two nonlinear springs (Schroeder et al. 2007 ). 
Tissue model parameters and relation to composition measurements
The tissue composition data from the literature (Urban & Maroudas 1979; Lyons et al. 1981; Urban and Holm 1986; Antoniou et al. 1996; Johannessen & Elliott 2005) were pooled and used in this study. They were obtained from IVD tissue samples through state-of-the-art experimental protocols and calculations that we briefly describe herein for the reader's information. To determine the water content, the wet weight (WW) of the tissue sample is measured first. Then, the sample is lyophilized and reweighted to determine dry weight (DW), and the initial total water content (FF), from which (Eq. 3) and (Eq. 5) are calculated, is determined according to:
where J is the determinant of the deformation tensor F As for the estimation of the proteoglycan and total collagen content, the dried samples are digested in papain solution. Digested solutions are then used (i) to determine the content of sulfated Glycosaminoglycans (sGAG) through Dimethyl Methylene Blue (DMMB) assay (Farndale et al., 1986) , and (ii) to achieve a measure for collagen content according to Hydroxyproline measurements, through the Chloramin-T assay (Huszar et al., 1980) , The initial fixed charge density per per total hydrated tissue volume, from which (Eq. 5) is calculated, was calculated by using the expression (Narmoneva et al. 1999 ):
where , , and are the valency (2 mEq/mmol), the molecular weight (513000 g/mmol), and the concentration (in g/mL) of chondroitin sulfate, respectively, and is the intial water content. The sGAG content measured through the DMMB assay is assumed to be equivalent to the chondroitin sulfate content, i.e.
is the amount of sGAG divided by the water content of the sample. To obtain in Eq. (6), the initial collagen content ( g/mg DW) was estimated from hydroxyproline content by using 7.6 as the mass ratio of collagen to hydroxyproline (Sivan et al., 2006) :
The stiffness constants and permeability were obtained in a previous study through numerical fits of model predictions to experimental measurements (Schroeder et al. 2008) . Confined compression experiments were used to define the shear modulus Uniaxial tensile tests on annulus samples were used for the parameters of the reinforcing annulus fibres.
Transport and cell viability model
The composition-based disc model was coupled to a solute transport model according to a sequential workflow proposed by (Malandrino et al. 2011; 2014a) . On one hand, the solute transport considered the diffusion-reaction of oxygen, lactate and glucose:
where , and are the concentrations, tissue diffusion coefficients, and the reactions of oxygen ), lactate ) and glucose ) respectively.
On the other hand, tissue deformations and interstitial fluid flow were linked to the reactive transport of these solutes through integration of the mechanically induced changes in porosity, as calculated through the poromechanical equations. Moreover, the effective diffusivity of each solute in the tissue ( ) was related to the solute diffusivity in water ( ), according to the Mackie Meares model (Mackie and Meares 1955) :
where is the total distance travelled by the solutes relative to a reference distance between two planes of a cubic lattice defined by the molecules of the solid phase.
Comparing ions/metabolites diffusion in a porous membrane to diffusion in a liquid, e.g. water, was reported to scale as (Mackie and Meares 1955) :
where is the solid fraction of the matrix, that can be expressed in terms of the water content ( ):
Replacing Eq. 17 in Eq. 16, we obtained:
And replacing Eq. 18 in Eq. 15 led to the expression:
As for the metabolic reactions, the model included the system of reactions reported by (Bibby et al. 2005 ):  Oxygen cell consumption (20)  Lactate production (21)  Glucose consumption (22) where is in kPa/h, is in nmol/(mLh), is in nmol/(mLh) , is the cell density of the tissue, is the oxygen concentration in kPa. The pH was linked to the lactate concentration, (in nmol/mL), by the expression (Bibby et al. 2005) : (23) which is a linearization of experimental results of pH decay with lactate accumulation (Bibby et al. 2005) , and 1/A = -11.11 nmol/mL is a constant that quantifies change of pH per unit of lactate concentration.
The cell viability was considered as the ratio , being the initial cell density before any cell death occurs with tissue-specific values taken from the literature (Malandrino et al. 2011 ) ( Table 1 ). Cell density change over time was based on the experimental study of Horner and Urban (2001) , where 1 millions/mL cells in wells start to die exponentially without glucose and when the pH is acid. Thereby, the cell density was given by this expression:
where the death rate for pH ( ) is constant and equal to , and the rate for glucose ( ) is . These constants were directly derived by curve fitting, from the experiment of cells performed by Horner and Urban (2001) and ensured an accurate representation of the spatiotemporal cell death patterns for cell density values relevant to the IVD, i.e. 4x10 6 cells/mL and 8 x10 6 cells/mL (Malandrino et al. 2014b ). The viability criteria were taken from previous studies (Horner and Urban 2001) where exponential decays start when: a) the glucose concentration decreases below 0.5 nmol/mL, b) the pH value is below 6.8 and c) both glucose and pH are below their critical values.
Boundary conditions
A day cycle of 8 hours of rest under 150 N compressive load and 16 hours of activity under 800 N in compression was repeated for three days (Wilke et al. 1999 ).
The load was applied at the upper bony endplate while the lower bony endplate was fixed. External pressure was nil. Oxygen, lactate and glucose concentrations were applied at the outer surfaces of the CEP and of the AF (Fig.2a) , and literature-based values (Malandrino et al. 2011) were used ( Table 1) . Before simulating the effect of any mechanical load, we initialized the transport model in other to achieve steady state solute concentrations throughout the IVD model. Transport parameters and cell viability were evaluated along the mid sagittal plane path: NP centre, anterior and posterior AF (Fig. 2b) . 
Design of experiment
A design of experiment (DOE) using a fractional factorial statistical method was performed, and variations were defined for the following biochemical parameters of the composition-based AF and NP models (Eqs. 4, 5 and 6): initial water content ( ), initial fixed charge density ( ) and collagen content ( ) ( (Thompson et al. 1990 ). 
where is the effect coefficient of the parameter and is the standard error of the coefficient.
Convergence analysis and model validation under creep
The mesh convergence of the model was verified based on a comprehensive convergence study performed for the mesh template of the IVD model, including assessment of the stability of the poromechanical predictions (Ruiz et al. 2013 ).
However, the transport model was sensitive to the time step selected for the calculations. As such, an additional convergence study was performed for the time discretisation of the transport model, so as to obtain the best compromise between accuracy of the results and computational cost at the different time points selected for the DOE. In order to validate the composition-based model under compression, the disc height reductions achieved after creep were compared to those reported in the literature after the experimental boundary conditions were simulated.
Results
The range solute concentrations obtained after the initialization of the transport model at nucleus were: 2.3-4.5 kPa for oxygen, 1.3-3.2 nmol/mL for lactate and 2.5-3.7 nmol/mL for glucose. After 900 s of creep under 500 N compressive load, a disc height reduction of 1.27 mm was calculated with the material properties representative of a grade I IVD (Fig. 3) . This result was within the range of 1 and 1.35 mm measured experimentally by Heuer et al. (2007) under similar boundary conditions. After 4 hours of creep under body weight, the same model predicted a height loss of 1.91 mm (Fig.3 ),
in agreement with the range of values reported by Adams and Hutton (1983) . None of the biochemical parameter variations defined, or combinations thereof, affected cell viability. As a result, 100% of cells remained alive during the three days simulated, for all the simulations that resulted from the DOE. In terms of solute distributions, using any (combination of) lower level (i.e. degenerated) parameter value always led to decreased levels of oxygen and glucose and increased levels of lactate.
Also, DOE results showed that the biochemical composition parameter that affected most the transport of all disc solutes, in a particular tissue region, was the local initial water content. In terms of oxygen reduction, the NP centre was the most affected region with a standardized effect of 206, followed by the anterior AF with 87 and finally the posterior AF with 83 (Fig.4a) . Similar results were obtained for the increase of lactate;
however, standardized effects were lower than for the oxygen (Fig. 4) . In terms of glucose, the most affected zone was the anterior AF with a standardized effect of 455, followed by the posterior AF with 218 and the NP centre with 215 (Fig. 4c) . Analysing the solute distributions along the mid-sagittal plane after 3 days, the 16 models created led to a reduced number of groups of results in terms of regional solute concentration (Fig. 5) . In the AF, four groups were unequivocally defined ( In addition to the direct effects of local composition changes, the ANOVA results also showed that the glucose content in the anterior AF was strongly influenced by the initial water content in the NP (Fig. 6a) . However in the posterior AF, the glucose distribution was significantly affected by both the initial water content and the fixed charge density of the NP, and the effect of the local collagen was relatively limited (Fig. 6b) . All the biochemical changes simulated in this study affected the diurnal height loss after three days. Both at the NP centre and in the posterior AF, the initial fixed charge density of the NP was the parameter that influenced the most the disc height (Fig. 7) . For the anterior AF, the AF initial water content was the most relevant parameter followed by the initial fixed charged density of the NP.
Fig.7 Effect of disc composition parameters (annulus initial water content ( AF),
annulus collagen content ( AF), nucleus initial water content ( NP), nucleus initial fixed charge density ( NP), and nucleus collagen content ( NP)) variation on daily disc height: a) after 3 days simulated and b) at the sagittal plane (day 3).
(Dashed horizontal line is the threshold of significance)
Discussion
The osmo-poroviscoelastic formdulation used in this study was duly verified against thermodynamical consistency (Huyghe et al. 2009) . At the tissue level, the model was also validated, with parameter values that represented healthy tissues (Schroeder et al. 2007 ). In terms of organ validation, the amount of creep measurements available in the literature is limited. In the report of their experimental study, Adams and Hutton (1983) mentioned that the compressive boundary load used corresponded to the body weight, but they did not give any specific value. As such, we took a generic value of 500 N of compressive load (Wilke et al. 1999 ) in order to replicate their creep study. Assuming that this approximation is acceptable, our results showed that the our healthy model extrapolated reasonably up to 4 hours the simulated behaviour for 15 minutes creep, validated against the measurements reported by Heuer et al. (2007) .
Regarding the validity of the degenerated models, our study did not aim to simulate a degenerated disc, but aimed to identify those composition changes that might affect the nutrition of the cells along degeneration, based on biochemically measured quantities. Hence, the variations of phenomenological tissue model parameters such as the stiffness moduli and the permeability were not taken into account. This approximation allowed us focusing our design of experiments on the composition, and was supported by a previous sensitivity analysis reported by Malandrino et al. (2011): by using a similar mechano-transport model, the authors showed that the porosity and the osmotic pressure were the osmo-poromechanical parameters that mostly affected the nutrient transport, being the effect of the stiffness and the permeability parameters negligible. In order to prepare the present study, we have confirmed this outcome through a previous sensitivity analysis that included and , according to Eqs 7, and 3, respectively (results not shown). Hence, our exploration of the effect of composition changes on the transport of nutrients effectively targeted those tissue model components, i.e. the porosity and the osmotic pressure, most relevant to the metabolic transport calculations.
In our simulations, solute contents were always decreased with degenerative composition changes, but the minimum glucose and pH values were 0.76 nmol/mL and 6.90 respectively, which did not exceed the critical values to see cell death (Horner and Urban 2001) . Accordingly, cell viability remained 100% for all the runs performed during the three days simulated. Glucose and pH thresholds used for cell viability came from in vitro experiments (Horner and Urban 2001) . It is difficult to know whether these thresholds are valid in vivo, since no related investigations have been reported so far. However, these criteria have been already used in many numerical studies that have explored the possible role of nutrition in disc degeneration. Malandrino et al. (2014a) used a 3D mechano-transport model to study the mechanical effects on cell viability via transport variations, depending on simulated CEP calcification, AF and NP tissue degeneration, and disc height reduction. Though their tissue constitutive modelling was different from ours, their results supported our findings that moderate AF and NP degeneration only is unlikely to lead to critical glucose levels under physiological load magnitudes and for generic disc geometries. Moreover, the calculations of Malandrino et al. (2014) suggested that simulating CEP calcification (50%) was necessary in order to predict cell death, the latter occurring because of an increased lack of glucose in the inner AF. These results were qualitatively similar to those achieved by Zhu et al. (2012) with a slightly different cell viability function, in which pH was not an explicit trigger of cell death and where cell death rate (i.e. in Eq. 18) was a nonlinear function of the current glucose concentration. In all these studies, the experiment-based critical glucose concentration of 0.5 mM was the most important assumption for cell death predictions, and all results suggested that nutrition-induced cell death might not be linked to AF and NP degeneration. While our simulations used a similar assumption, and led to a similar outcome, our model allowed a refined control of the specific degeneration changes that may alter cell nutrition in the different tissue.
Supporting to our results, several simulation reports pointed out that the glucose concentration in inner AF is easily affected by any simulated degenerative change (Galbusera et al. 2011; Zhu et al. 2012; Malandrino et al. 2014a ). This phenomenon was largely attributed to the strong local consolidation of the TZ regions, due to the lateral pressure exerted on the fibre-reinforced AF by the lateral expansion of the NP under mechanical loads (Ruiz et al. 2013) . Among the different mechanotransport -cell viability studies published, our full 3D simulations can be compared directly to the work reported by (Malandrino et al. 2011; 2014a) , with the same model geometry.
Whilst using a porohyperelastic constitutive model with a fixed osmotic pressure in the NP, these authors always identified the inner anterior AF as the disc region where glucose concentration was mostly reduced. In contrast, we predicted that the cumulated effect of water and proteoglycan loss within the NP was particularly critical to the availability of glucose in the posterior AF. Interestingly, this issue seemed to arise from the particularly high impact of NP proteoglycan loss on disc height reduction and increased tissue consolidation in the TZ of the posterior AF area. Acknowledging that limited glucose can trigger inflammatory and catabolic responses by disc cells (Neidlinger-Wilke et al. 2012) , we may infer that early NP degeneration might contribute to weaken biochemically the posterior AF due to local nutrition issues.
Confirmation of this possible non-mechanical weakening would require, however, experimental data about disc cell catabolic activity for different glucose contents between 0.5 and 5 mM.
The composition-based model reproduced the expected disc height reduction under compression changes due to ECM degeneration, i.e. but we did not consider permanent disc height loss. Such a consideration could have modified slightly the computed influence of the diffusion distances (Galbusera et al. 2011; Malandrino et al. 2011 ). However, this issue is not expected to have a major impact on the current study, since the influence of tissue consolidation is probably predominant, for our particular disc model geometry, as suggested by Malandrino et al. (2011) and further discussed in the next paragraph. Endplate sclerosis was not considered either. Whereas Zhang et al. (2008) considered that this condition rarely appears in grade III discs, Benneker et al. (2005) reported that sclerosis in grade III discs is frequently found. As mentioned earlier, several authors of numerical studies have simulated CEP sclerosis, but the way to do it is not clear, especially for a specific grade, and exploring such simulation hypothesis is beyond the scope of this paper.
Overall, the initial water content is the parameter of disc composition that affected most the transport of solute at the end of the three days simulated. The most affected solute was glucose, especially in the anterior AF. This trend did not change when an ANOVA was performed at the end of each simulated day. The predominant influence of water content is supported by earlier sensitivity studies where a decrease in porosity was reported to affect the transport of oxygen and lactate, more than any other poromechanical parameters did (Malandrino et al. 2011) . Simulated composition changes led to disc height reductions in the mechanically loaded disc models, which reduced the effective diffusion distances. However, our results revealed that without any initial disc height reduction in an unconsolidated state, the possible benefits of the mechanically induced height reduction for diffusion are largely countered by increased tissue consolidation, i.e. decreased current porosity. A similar outcome was suggested by a parameterization of the porosity and diffusion coefficients proposed by Galbusera et al. (2011) .
We should, however, recall that our diffusion coefficients were porositydependent according to the use of the Mackie-Meares diffusivity law (Eq. 19). This law has been extensively used for several studies on cartilage and intervertebral disc (Maroudas 1968; Frank et al. 1990; Lanir et al. 1998) , and seems physically reasonable especially due to likely constrictivity effects (Holzer et al. 2013 ). Yet, recent measurements showed that the model of Mackie and Meares could slightly underestimate experimental diffusivities (Gu et al. 2004 ). However, these measurements were performed in agarose gels and not in extracted tissues. Other strain-dependent diffusivity laws have been proposed (Zhu et al. 2012) , and how they influence predictions in comparison to the Mackie and Meares law would have to be assessed.
Meanwhile, because of the lack of robust experimental studies on disc tissues diffusivities in vitro or in vivo, exploiting the Mackie-Meares model stands for a pragmatic and physically sound approach.
Eq. (1) assumes that the solid phase of the matrix is incompressible for all disc tissues, which implies that the volumetric changes of the poroelastic continuum are due to the gain or loss of water when the tissue deforms. Should the solid phase be compressible, our calculations would overestimate the effects of the volumetric deformations on the diffusion of solutes in the compressed tissue regions. Furthermore, considering solid phase compressibility would modify the relation between diffusion distance and porosity changes, and the positive effect of diffusion distance reductions could become relatively stronger under simulated compression. Yet, it is worth to mention that the solid phase of the NP and AF matrices are rich in proteoglycans: the latter can represent up 85% of the solid phase in the NP (Urban and Roberts 2003) .
Hence, the steric and electric repulsion forces in and between the glycosaminoglycan aggregates at the nanoscale (Dean et al. 2006; Han et al. 2007) , might favour incompressibility of proteoglycan-rich phases at the microscale. Also, the swelling pressure generated by the proteoglycan negative fixed charges, pre-tenses the collagen fibres and increases the volumetric stiffness of the proteoglycan phase. In our simulations, this swelling pressure is a spherical stress tensor that pre-stresses the solid phase. Hence, we implicitly simulate a hydrated and turgid mix of collagen and proteoglycans at the nanoscale that is likely to appear as a nearly incompressible phase at the scale of several tens of microns.
Though no quantitative measurements are available to our knowledge to test the effective compressibility of the modelled solid phase, analogies with articular cartilage exist in terms of composition and multiphysics interactions among tissue constituents. Miller and Morgan (2010) analysed the results of micro and macro compression tests of articular cartilage and found that the micro-and macro-scale poroelastic properties of the tissue were consistent when derived from a formulation based on Eq. (1). This outcome suggested that the collagen-proteoglycan hydrated matrix could be reasonably considered as incompressible at the microscale. At the macroscopic scale, the use of a poromechanical theory similar to ours could reproduce the response of the articular cartilage for a variety of experiments, i.e. confined and unconfined compression, stress relaxation, indentation, swelling (Wilson et al. 2006 ).
As anticipated earlier, our simulated degenerative changes in the NP may affect the AF nutrition. In the anterior AF, the effect of in the NP was 39 at the end of one simulated day. This standardized effect was higher than the separate effect of each NP parameter on the glucose concentration in the posterior AF, i.e. 21 for , 17 for and 3 for . However, combining the respective effects of all NP parameters at the posterior AF gave a cumulative effect of 41, slightly higher than the global effect of NP alterations on the anterior AF. According to measurements (Iatridis et al. 2007 ), NP desiccation and proteoglycan depletion would be concomitant in mildly to moderately degenerated discs, and our findings suggest that such a situation exposes particularly the posterior AF. According to the hypothesis of possible biochemical AF weakening made earlier, such impact of NP alteration on the AF may contribute to explain mechanistically why radial tears in the posterior AF mostly appear in a moderately to severely discs (Osti et al. 1992) . Interestingly, calculations indicated that NP dehydration alone affected both the posterior and anterior AF. Here, it becomes worth to mention the possible effect of any early loss of CEP functionality that might contribute to reduce the NP water content by altering the balance of water in-flow and out-flow along daily loading (Ayotte et al. 2001) . Hence, assuming that early NP dehydration is possible, our simulations raise the question whether nutrition issues could play role in the occurrence of circumferential tears, already present in both the anterior and posterior AF of normal to moderately degenerated discs (Osti et al. 1992) . collagen (% dry weight), e) AF fixed charge density (mEq/mL), and f) NP fixed charge density (mEq/mL). Literature data referred to grade III IVD on the Thompson scale (Lyons et al. 1981; Urban and Holm 1986; Antoniou et al. 1996; Johannessen and Elliott 2005) , while in-house measurements referred to grade III IVD on the Pfirrmann scale (Dao et al. 2014 ). (Fig. 8a,b ,e,f). As for the collagen content, the value used in the model seems more similar to an advance grade III/early grade IV disc on the Pfirrmann scale (Fig. 8c,d ). However, our results showed that changes in the collagen content did not affect the solute concentrations, and only slightly affected the disc height reduction.
This study has the following limitations: first, the three days chosen for the simulations might not be enough for reaching a steady-state for a cell viability study;
although we found that a steady-state convergence of two days was enough to observe cell death with a calcified CEP (data not shown) (Malandrino et al. 2014a ). Second, we did not simulate dynamic load variations around the mean load value chosen for day activity. Although these loads might limit the loss of water (Schmidt et al. 2010 ) and could favour the transport of nutrients (Zhu et al. 2012) , simulating dynamic loads would have increased the computational cost, and earlier studies (Zhu et al. 2012) suggest that it would not have changed our interpretations. Third, multiaxial loads were not considered in this study. Nevertheless, under external axial compression, most of disc regions are subjected to compression. For the regions that present combined tension-compression, it has been reported that tension-compression nonlinearities affect the estimation of interstitial velocities (Huang et al. 2001; Huang et al. 2003) , and have little effect on the transport of small solutes, e.g. glucose and oxygen (Huang and Gu 2007 ). As such, our mechano-transport predictions would not be affected by not considering such nonlinearities. Fourth, we did not consider any local variations in proteoglycan concentration and total amount of collagen within each modelled tissue.
Though such a variation could have better informed the suggested sensitivity of the posterior AF in relation to the anterior AF, we have based our model on specific degeneration-specific composition measurements, made available for this study. Fifth, we did not consider the limitation of Eq. 3 to capture the hysteresis presented by cartilaginous tissues. The Eq. 3 represents the elastic response of the solid phase and it does not incorporate any term for energy dissipation. Effects of Boltzmann superposition principle are expected to appear from the viscoelastic collagen fibres.
However, experiments support the idea that energy dissipation in cartilage matrix is controlled by the fluid flows, captured by poroelastic simulations (Han et al. 2011 ). As such, integration of Eq. 3 into Eq. 1 is expected to give the capability to represent the NP response to cyclic loads. The predominance of poromechanical time effects in disc tissues was supported by experimental tests on IVD specimens (Costi et al. 2008 ).
However, no direct validation of our tissue models was reported for cyclic loads.
Finally, the effect of other important factors related to disc nutrition, e.g. inflammatory factors (Lotz and Ulrich 2006) was not considered, while necessary to assess whether the local nutrient deprivation calculated can weaken the tissues.
Conclusions
A composition-based model coupled to a transport-cell viability model was presented as tool to explore the influence of measured ECM changes on disc nutrition and cell viability. This study suggests that small degenerative ECM changes may produce significant solutes alterations. While these changes between grade I and grade III degeneration did not seem relevant to nutrition-related cell viability, they allowed identifying possible mechanisms related to known AF alterations along degeneration.
The computational approach developed provides a powerful tool to achieve improved understanding of disc degenerative mechanisms. In particular, our results suggest that the biological and tissue/disc structure changes, able to provoke NP dehydration independently on the further proteoglycan depletion, should be tackled, in order to explore the pathogenesis of the disc in a more integrated way. Obviously, the effect of other important factors related to disc nutrition, e.g. inflammatory factors (Lotz and Ulrich 2006) would be necessary. Our simulations provide, however, a robust framework for such kind of development. The presented model could also be highly relevant to address the challenge of achieving designs of biomimetic IVD implants or scaffold materials that ensure proper mechanical/multiphysics responses in disc regenerative therapies (Noailly et al. 2014 ).
